what was to happen later it may be worth quoting from the report made in 1934 to the Board of Studies of the College by Professor Philip: 'During the year under review Mr Boys has spent a good deal of time in the study of advanced mathematics and I think that this will bear fruit in the further development of his theory of optical rotatory power, and in the working out of many other ideas which are in his mind, notably in connexion with the relationship between absorption spectra and chemical constitution. Mr Boys has continued his experimental study, by means of e.m.f. measurements, of the stability of compounds of cadmium iodide and various substituted anilines . . . the way now seems clear for definite results to be obtained.' And a year later: 'His theoretical work is characterized by marked originality, and his exceptional mathematical ability enables him to give definite expression to the theoretical conceptions which he has developed. Mr Boys is a notable combina tion of the trained chemist and the competent mathematician, and in my view the award of the Beit Fellowship has been fully justified in that it has given him the opportunity of linking up his intellectual equipment in the two fields. As a theoretical physical chemist he ought to go far. ' Then in 1935 there came a sudden change in his plans. He abandoned his London Ph.D. work after being elected a Senior Student of the Royal Commission of 1851, and moved to Trinity College, Cambridge, where he registered for the Ph.D. under the supervision of Professor T. M. Lowry, at that time Professor of Physical Chemistry in the University. The title of his thesis, for which he got the degree three years later, was 'The quantum theory of optical rotation'. He was beginning to get interested in those things which quantum theory alone can do. Cambridge was a good place to choose for this sort of activity, for in 1933 J. E. (later Sir John) Lennard-Jones had just moved from the Chair of Theoretical Physics at Bristol University to the newly established John Humphrey Plummer Chair of Theoretical Chemistry at Cambridge. This was the first official recognition of the new subject in Britain, and before long the new professor had gathered round him a lively group of research students, including W. G. (now Lord) Penney, A. F. Devonshire, J. Corner, R. A. Buckingham, M. V. Wilkes and the present writer. It was inevitable that Frank's interest in the quantum theory should have led him to an interaction with them. This interaction was hastened by the death of Professor Lowry, which left Frank without a supervisor. When his Ph.D. thesis was presented in 1937 it was Lennard-Jones who had become his supervisor. The degree itself was taken in 1938.
At this stage he took a post as assistant lecturer in mathematical physics at the Queen's University of Belfast. Partly this was because he felt it was time to settle into a job more permanent and steady than that of a post-doctoral research student; partly it was because Frank felt the need to have a regular income, with which to help the family finances: at this time his father was almost an invalid, hardly able to earn a normal living as he had done previously. However, Frank had only been in Belfast for one year before World War II broke out, and in another twelve months he had joined the Ballistics Branch of the Armaments Research Department. He worked in the Woolwich Arsenal section and conducted a small research group. By the end of the war he had become Senior Experimental Officer and head of a section.
In 1945, at the end of the war, Boys was elected to an I.C.I. research fellowship at the Imperial College, London, in Sir Alfred Egerton's depart ment. Since these fellowships were introduced only after the war was finished, he was one of the first group of fellows. Three years later, in 1948, he moved once more from the Imperial College to Cambridge, this time as University lecturer in theoretical chemistry, the same department where, 10 years earlier, he had gained his Ph.D.
This was to be his last move. He stayed at Cambridge till his death, 23 years later. At first he was a lecturer, but as from October 1972, only a few weeks before he died, the University appointed him to an ad hominem readership. A little earlier he had been elected to Fellowship of the Royal Society, and within a few more months he was dead. The illness from which he finally died was the Budd Chiari syndrome, an obscure disease which affects the kidneys, enlarges the liver and, as in his case, often leads to a thrombosis of the heart. There were signs of ill-health for some months before this. Indeed he had never enjoyed robust health; and in the summer before his death, when holidaying at Aberystwyth with his sister, he himself went by train, allowing her to go by car, and then after her arrival he did not attempt to drive her car, as he would usually have done. In earlier years, however, he had done a good deal of walking, cycling and Youth Hostelling. He was a keen Hosteller, and between the wars had travelled by this means in France, Belgium, Germany and Austria. He frequently went walking in the Lake District with his sister, accompanied by A. F. Devonshire and perhaps another friend.
Although Boys spent the last 23 years of his life in Cambridge he was not what is sometimes called a 'college' man. His disposition was quiet, and there was a certain shyness about his manner. Perhaps for this reason he was elected to a college fellowship only a year or two before his death, at the new University College. He was a rather lonely person though, apart from certain tensions associated with his health, not an unhappy one. He made few demands on life, save in the prosecution of his research. For example, he stayed in his first set of Cambridge lodgings for a good many years (though later he did move on two or three occasions). He was exceedingly regular in his ways, usually arriving at the laboratory at precisely the same time of 10 a.m. and leaving around 6 p.m .; a situation which occurred on six (and often seven) days in the week. His research students were few in number (for reasons that will appear later) and many of these came from abroad; but he cared for them well, shared with them his own research topics, so that without exception they liked him. But there was a price to pay for being one of Frank Boys's students: it was absolutely necessary to follow his ways, do things as he did them, and so fit into his own plan of research. It may well have been his Yorkshire 'dourness', or his separateness from much that went on in the Cambridge department; but he had firm ideas as to the next thing to be done in his research. No one could shake him from this: he would go at his own rate.
An example will illustrate this determination. Shortly after the War, H. C. Longuet-Higgins and the writer had made some studies of the electronic structure of 7r-electron molecules such as benzene, or naphthalene, developing for this purpose a very general form of the Hiickel theory. They introduced certain quantities, to which, somewhat thoughtlessly, they gave the name polarizabilities. The atom-atom polarizability measured the change in electronic charge associated with any chosen atom when the effective electronegativity (i.e. Coulomb term) of some other atom was changed. This could occur, for example, when some group was approaching the original molecule, or if some substitutions were made in it. This theory was applied to benzene, and gave the relative polarizabilities of the ortho, meta and para positions. But it was a one-electron model, and therefore less satisfactory than a proper many-electron one. Now at about that time Boys had started some of his accurate many-electron calculations, at first for atoms and later for molecules. One day the writer asked him if he had ever thought of calculat ing these polarizabilities with his better wave functions. He replied that he had already completed this calculation for benzene, and that the numerical values which he had obtained were very close to those of Longuet-Higgins and Coulson, but that he would not be publishing the work for several years, till it fitted into his general pattern of research. There are few others who could exercise so strong a self-discipline. It is not surprising that at the time of his death a good deal of unpublished material was found. The instructions that he left concerning this were: 'You will know that all of the loose papers in my room are attempts at problems in which I was unsuccessful. They should therefore go straight into the bin'. There were indeed many hundreds of these.
Boys's immense dedication to his work left him little time for other activities. He was not gregarious, and seldom did much in a large group. He liked to talk with his friends one at a time. This lack of interest in large gatherings hindered him from attending conferences on topics in which he was an expert. The writer remembers the intense pleasure that was felt by many of his American friends when, in 1959, they were able to lure him across the Atlantic to take part in an international conference on molecular structure (to which, in fact, he made five first-rate contributions). This reluctance to attend conferences and expound his views was unfortunate. For it considerably delayed the appreciation, and widespread acceptance, of the important ideas that he was busy developing. He had no interest whatever in the domestic side of life, and remained a bachelor. But he did show a great concern for the International Club at Cambridge, and was for some years its Chairman. This is a club, largely for University people and language-school girls from abroad. Perhaps as a result of this interest, in his last few years he began to be interested in economic theory and international financial problems, and became very con cerned about the situation of the developing countries. The large collection of papers that he left on this subject make it clear that he had intended to write a 100 book on economic theory. There are notes on some detailed sections of the book, as well as on the broad outline, but there is nothing that constitutes a connected manuscript. His main concern in these notes seems to have been with the workings of international finance, and to this end he had tried to assemble a collection of equations to describe them. It is a pity that he had not lived long enough to bring this work to a state of full maturity. His personal library of books on this subject indicated a highly serious professional intention. It seems that his own contribution was to formulate the global problems in a mathematical way where others had been more concerned with particular aspects.
It is not altogether surprising that so retiring a person as Frank Boys should not have received the honours that would surely have come to a more extro verted person. His election to the Royal Society, and his University Readership, came when he was about 60 years old. There was one, however, that he would greatly have appreciated, but which he did not live to receive in person. In 1973 the Chemical Society awarded him the 1972 Chemical Society Award in Theoretical Chemistry and Spectroscopy. It was well deserved, and gave much pleasure to his scientific friends.
Work
We have already seen that Boys's early work was in optical rotation and the stability of cadmium iodide-amine complexes. All that was published of this work is in the two 1934 papers (1, 2) in the Proc. Roy. Soc. Nothing more seems to have resulted either from the subsequent years in Cambridge or Belfast. But even these early calculations showed the character of their author: for they surpassed all earlier calculation of this quantity, not only giving the correct order of magnitude, but remaining unsurpassed for 15 years. Even in these student days one could recognize the overwhelming desire, so much in evidence in his later work, to say something that was really , as completely correct as circumstances would permit.
This work was entirely classical. He begins by stating, correctly, that 'there is no theoretical formula giving the relation between the magnitude of the rotation and chemical structure'. He must provide one. So in his first paper he starts with a mechanical analogy, supposing four dissimilar ball-bearings able to vibrate but, in their vibrations, affecting the motion of their neighbours. Purely classical motion of this kind shows differences between what we may call left-and right-handed vibrations. Then he replaces the ball-bearings by atoms containing electrons. Each atom is different from every other in the group of four, and the electrons are free to move under the influence of any electric field. An external field induces doublets on each atom; these affect the field at each atom; the displacements of the electrons lets us calculate the net polarization, and so, from Maxwell's equations, the angle of rotation of a beam of polarized light that passes through the assembly of such 'molecules'.
In the second paper this is set out mathematically. The analysis is heavy, as much classical electron theory tends to be. But Boys shows considerable skill Biographical Memoirs in handling it, and finally reduces his formulae to a simple expression for the rotatory power. This was then applied to several particular examples, such as amyl alcohol and amylamine, where numerical values of the right order of magnitude were obtained. It was the first time that a formula of this sort had been derived, giving the optical rotatory power in terms of the refractive dispersion of the four elements of the asymmetric group: and it was interesting because it was obtained on the assumption of isotropic character in each element.
After his move to Cambridge, which at that time was still full of the excitement of the new wave mechanics, it was almost inevitable that he should try to make his previous classical theory into a wave-mechanical one. As we have seen this was precisely the subject matter of his Cambridge Ph.D. thesis. Unfortunately this work was never published, not because it was not good enough, but probably because other people were also working successfully in this field. Further, after only one year subsequent to getting the degree (and this itself was partly spent in settling in at Belfast) the war intervened; and, as we shall see, by the end of his war-work, other ideas, more fundamental than optical rotation, began to dominate this thought.
However, if not much is known of his last two pre-war years, much more can be said about the work that he did during the war, in the Ballistics Branch of the Armament Research Department (A.R.D.) at Woolwich. The centre of interest was the understanding and development of solid propellants for rockets. Now there is a considerable difference between the burning of fuel in a rocket and a gun. At the high pressures used in guns the reaction zone on a solid propellant is very thin, and by idealizing it to a discontinuity it had been found easy to ignore any detailed description of its nature. But at the much lower pressures in rockets the reaction zone could not be so easily forgotten. Various practical difficulties suggested unexpected internal couplings between hydrodynamics and burning. Occasional recovery of part-burnt propellant, extinguished by rocket case failure, showed shapes which were hard to explain.
Boys attacked these problems by both theory and experiment. In this latter activity it is probable that the early experiments with a bunsen burner in his parents' home gave him confidence, and enthusiasm. Dr Corner writes of these days that he set up apparatus with which part-burnt propellant could be produced regularly, and its shape correlated with its pressure-time history. Meanwhile he helped to devise a theory of gas-phase burning (Boys & Corner (2); Corner, Proc. Roy. Soc. Bond. A, 1949, 198, 388) for the solid propellants of that era, and, as Corner says: 'he encouraged my application of it to the coupling of cross flow and local burning rate'.
'With those ideas as a basis, Boys developed an understanding of the interactions between internal flow and local "erosive" burning rates, and was able to discover the cause of, and to suggest and demonstrate remedies for, various operationally important instabilities in the behaviour of rocket motors of that period. Among these one of the most interesting and important in practice was the sudden occurrence of a transient high pressure in tubular-propellant motors, often high enough to burst the case. Boys traced the cause to the formation of a vortex of rapidly-rotating gas in the central core of the tubular charge, and demonstrated various simple ways (e.g. holes through the charge wall-a rod or strip of metal down the core) to suppress this vortex'. This wartime work illustrates his liking for concentration on a single field for a long period, so evident in his post-war researches. His flair for quick direct experiments with concurrent thinking about the theory was soon well enough known that he could, if he had wished, have worked in several fields at that time. The list of official reports (see Bibliography) that he wrote at A.R.D. shows how effective he was with his little team. It is perhaps a pity that Boys stayed within this one field of solid fuel propellants, for in the end it turned out that rockets based on their use played far less important a role than had been expected at the start. A friend has said that he was 'a big fish in quite a small pool'. However, it seems as if he actually preferred to stay within a closely defined and somewhat narrow field. Had he chosen to broaden his interests, as he certainly could have done, he would have become far better known. As it is, it may be doubted whether after the war ended, he ever received the credit in the university world that was his due for these contributions to the war effort. Outside the university world and in his former circles, the redistribu tion of effort after the end of the war, which stopped work in his field, meant that he did not continue to receive the full credit that he had enjoyed in 1945 for his contributions to rocket ballistics. It is rather ironic that when the field opened up again in the mid-fifties, many of Boys's results were rediscovered by Americans who had never even heard of him.
There must have been a very happy atmosphere in this Woolwich group. One of his colleagues, Dr G. R. Lester, writes this about those days: 'It is now more than thirty years ago, and sometimes not too easy to remember all the details of the day-to-day happenings, or even the problems we were concerned with at that time. But what never fades is the impression of the great fun of working in Dr Boys's section at Woolwich Arsenal. I use the word "fun" as best showing the spirit of the place under Boys's leadership, which somehow managed to make everything we did a pioneering adventure, with all sorts of amusing episodes on the way; and yet all this was combined with singleness of purpose in furthering the serious business of cordite research.
'There was seldom a dull moment, and none less so than when things went slightly differently from what had been expected. The nature of our work made this a fairly regular occurrence; in fact it must have been the small boy's dream of research, playing at fireworks on a large scale. Dr Boys took very seriously the matter of safety precautions, which was very commendable as we were dealing with potentially lethal material. But where experience warranted, and the risks were more apparent than real, it was quite surprising what was permissible. On first arrival it was a little horrifying to contemplate sawing through a rather immense cylinder of cordite using a hacksaw; but one soon learned to have no misgivings; it was still the "string and sealingwax" era of science, and, if I remember rightly, much use was made of plasticine and celluloid. Dissolved in acetone the latter made a very effective cement for attaching samples of propellant, but had to be abandoned when it was found to diffuse too readily and affect the burning rate; thereafter plasticine took its place. ' It was not surprising that this atmosphere led Boys to devise new equipment. A colleague writes that 'he displayed great ingenuity in devising new techniques, and the apparatus, which was also his own invention. One of these inventions was a special carburettor. Boys designed these vented vessels as a theorist from first principles, and single-handed. The amazing thing was, they usually worked, either first time or after minor modification. In one of them, the nozzle was mounted in a plate of combustible material (cordite or celluloid); when the support plate had been weakened by burning away, both it and the nozzle were suddenly ejected, causing a rapid drop in pressure within the vessel. This rapid drop in pressure led to interruption of burning, permitting measurements to be made at all stages of the process. This technique of interrupted burning was entirely due to an idea of Frank Boys's; it had the great advantage over the earlier closed-vessel technique, that samples could be recovered and directly compared.
'Next a range of mainly steady-state burning phenomena was investigated: this included peculiar shapes designed to maintain constant surface area as burning progressed, erosion effects of gas velocity, unsteady burning-one of several peculiar hunting effects accompanying incomplete interruption of burning-as well as many routine measurements on modified propellants containing T N T , or DNB, as well as the standard nitrocellulose and nitro glycerine. Later on in the war, when time permitted, we were able to indulge ourselves by choosing samples such as pure liquid explosives that were of more immediate academic interest as providing simpler types of rate control and reaction mechanism. It was characteristic of Frank Boys's enthusiasm for both the science and practice of rocketry that he joined the section of the Home Guard that was called out for all-night manning of a rocket battery'. (Probably at Shooter's Hill.) As can well be imagined, he rose to no great military eminence in this nocturnal activity. Dr Corner has recalled 'a hilarious teabreak at Woolwich in which Boys described how he, the new raw recruit, was introduced to the arcane mysteries of rocketry by an awe-struck n.c.o., who had just read it up from his operational manual'! The theoretical studies of flame velocities in which he was actively engaged at that time represented a great advance on the somewhat phenomenological earlier treatments given in the book of Lewis and Van Elbe, and on the work of Daniels at the University of Wisconsin. Boys took proper account of the equations of mass, momentum and energy conservation, including the influence of thermal conductivity through the temperature-variable flame zone and chemical reaction rates.
All these calculations on explosives did not exhaust his interest in wave mechanics. In fact they whetted his appetite. During the last year at Woolwich he set about the preparation of a new set of lectures on the subject. Moreover he was worried because the elementary reaction rates needed for the burningrate theory had to be determined empirically. In 1944 he told a friend that he wanted to calculate them from first principles as a check that the correct reactions had been considered. This had led him to think about the molecular problem of activated complexes with only a modest number of nuclei, perhaps four or five; at that time he said that he had hit on a method which he felt would lead to practicable calculations (this was before the electronic computer; and in fact all the equations of burning-rate theory had to be solved on a big Brunsviga and an electric Friden calculator, both brand new in 1940). At the end of the war, he said he would be transferring his interest (temporarily!) to molecular structure. To this end he would begin with the simpler problem of atomic structure.
Since this transformation of interests was so crucial, we had better look for some other evidence. Mr A. Schofield, now a Superintendent at the Atomic Weapons Research Department at Aldermaston, who began his scientific career by helping Boys at Woolwich in 1940, writes: 'Boys did not specifically tell me how he came to take an interest in molecular structure. He was certainly working on it in the evenings (and indeed I suspect often late into the night) during 1942-43. This was at the same time that he was working on the theory of burning of solid propellants, as one part of his official day-time duties; and it may well be that the one suggested the other. But the impression I got was that initially it stemmed from a desire to provide a simpler method of calculat ing wave functions of complicated atoms and simple molecules, which it was impracticable to do with previous calculational techniques and the hand calculators then available. I thought it was a mental exercise in his spare time which germinated from seed sown pre-1940. ' So we come to the after-war era. Nothing special seems to have survived from the Imperial College days . Even the joint paper with Corner, which contained some of his war work, and was published in this period, had existed in draft form as early as 1941. Towards the end of 1947 he told a friend that he had been busy with his college lectures, and was trying to make head way with the structure of the very simplest atoms. He had progressed from the study of an activated complex to the beryllium atom, the kind of apparent paradox that he loved. Things were now moving nicely: the idea for better calculation of molecular properties which he had mentioned to his friend in 1944, and which had been gestating in his mind, now seemed really promising. Then, in 1950 there came (4) the first publication in a series of 12 papers, all published by the Royal Society. In this most important paper Boys introduced the use of Gaussian functions. It was not the first use of Gaussian functions in wave mechanics, for they occur in the ground state of the harmonic oscillator, and moreover, McWeeny and Coulson had used them in studies of the wave functions for He and H2+. But this latter use was in momentum space, and depended entirely on certain iterative processes. On the contrary Boys claimed that by the use of these functions in building up the appropriate wave function Biographical Memoirs for (first) an atom and then (second) a molecule, the whole process could be systematized, and carried to completion. In his own words: 'The value of the present treatment lies not so much in the fresh mathematical analysis, which is relatively elementary, but in the fact that it provides for the first time a systematic scheme by which the wave functions of the stationary states of the electrons in the field of any arrangement of nuclei, can be evaluated.'
The background to this situation is simple. For a single electron, as in a hydrogen atom, the Schrodinger wave equation can be solved exactly, and the resulting wave functions (atomic orbitals) have a radial form e-£r x a poly nomial in r. With heavier atoms containing several electrons it was natural to build atomic orbitals (a.o.) out of functions of this kind. These Slater-type orbitals have a radial factor rn~x e~^r. Such functions are easily adapted to have the right kind of behaviour-the cusp condition-at the nucleus, where = 0; and it is easy to show that for large rt he dominant char be of exponential type. But the use of these orbitals in atoms leads to unwieldy integrals, whose analytic forms, if written down, appeared terribly clumsy. It is different with Gaussian functions of the form r2nt~^. Boys showed that the various integrals could all be evaluated with reasonable convenience, and thus that the departure from traditional hydrogenic-type orbitals was amply rewarded by the ease of calculation, and consequent accuracy. This classic paper envisages both atoms and molecules, discusses the computational aspects as well as the heuristic ones, contains the seeds of its own improvement, as well as appreciating the convergence problem and the inherent nature of configuration interaction.
The peculiar significance of Gaussian functions can be seen from the following example of a four-centre integral that might occur in the calculation of a wave function for a molecule with four or more distinct nuclei. If represent a.o.'s on the four nuclei A, B, C, D (figure 1), we may need the integral where, for convenience, we have taken all four a.o.'s to be purely real. If these a.o.'s are of Slater-type, involving exponentials of the distances from all four nuclei, the evaluation of this integral is a very formidable problem indeed. At a conference in Colorado in 1959 Boys had stated that our inability to make simple evaluations of integrals such as this had delayed the full development of molecular-structure studies by fifteen years. However, if the < /> 's are of Gaussian form, the result is immeasurably simplified. For the product e-ara* e-/?n>2 Qf two Gaussians centred at A and B can be written as a simple multiple of e~(a+^)r\ where r now denotes distance from a point P on the line AB which divides AB in the ratio j3 : a. A similar simplification occurs with the produce < /> c(2) < /> d(2). So the original integral is now much simplified, and becomes a two-centre integral instead of a four-centre one. Moreover, this integral is a simple Coulomb repulsion between Gaussian charge clouds centred at defined points on AB and CD. It is easily evaluated in closed terms.
The difficulty in all this is that it is not good enough to represent < j > . A and cf> h by single Gaussian functions. Something like five Gaussians are needed to give an adequate representation of one exponential function. So the integral (1) would then become the sum of 54 = 625 separate integrals, each of which Biographical Memoirs could be evaluated exactly. Careful planning of the program was necessary. And here it is significant that the Gaussian work started at just about the same time that desk computers were beginning to be replaced by electronic ones. Boys thoroughly enjoyed programming, at which he was very good. He usually wrote his own programs and debugged them himself. In this respect he was exceedingly careful about checking and re-checking his work. There must be very few numerical errors in any of his published papers.
This joy which he experienced in dealing with computers is nicely illustrated by a little incident that occurred about 1960, at the time when Cambridge University was installing a new computer. Boys was due to speak at a colloquium in Oxford, and described some of the numerical results that he had just obtained. When he was asked, at the end, how long he had spent on these calculations, he smilingly explained that he had needed about thirty hours of computing time: but he had been able to do all the work in the previous ten days because he alone had taken the precaution of getting his programs prepared in good time before the new computer came, so that for a while he was able to enjoy an almost complete monopoly of its use.
The series of papers initiated by the introduction of Gaussians continued with Slater-type-orbital calculations of the total energy of a beryllium atom, only 0.04 a.u. above the experimental value (5). This was a much better result than had previously been obtained, and began to make his work impressive. Excited states of beryllium followed (12), and the three isoelectronic closedshell atoms F~, Ne and Na+ (Boys & Bernal (10)), boron and carbon came next (13) in which the ground state of carbon was correct to 0.081 a.u. and the relative energies of the 3P ground state and 5S excited states, much used in valence-state calculations, were accurate to 0.004 a.u. When it is realized that this was still in the days before electronic computers were in common use, so that this work was performed on his desk calculator, these results are all the more remarkable. A similar degree of accuracy was obtained by Boys & Price (14) for Cl, Cl-, S and S-, though now the calculations appear to have been made on EDSAC for the first time.
In this important series of papers we meet two features to which Frank Boys devoted a good deal of effort. First was the need to go beyond the single configuration type of wave function, represented by one Slater determinant, or, in cases of degeneracy, by an appropriate combination of such determinants. Boys worked steadily on the techniques needed when combining Slater deter minants corresponding to different configurations, all having the same overall symmetry behaviour. This is the method of configuration interaction. It was not a new concept; for it had previously been used to explain unexpected sequences of energy levels in certain atoms, and also, by D. P. Craig and others, for molecules. But Boys wholeheartedly adopted the model, and used it. To do this efficiently it was implied that he could handle matrix expressions such as where i/q, ipT1 are two Slater determinants, or two appropriate combinations of Slater determinants, and H is the molecular Hamiltonian. Since many of his Gaussian 'building blocks' were not orthogonal, and also since ipl and i pn were more often than not combinations of several determinants, the reduction of these matrix components to manageable form was by no means trivial. So in Boys (6-9) and in Boys & Bernal (10), and in Boys & Sahni (15) we find carefully worked out schemes for systematic reduction of all these integrals. By the time that we reach the last of these papers which is number 12 in the sequence, the vector-coupling coefficients are being obtained by auto matic computation. This movement of emphasis is shown by a series of papers (Boys, Cook, Reeves & Shavitt (16) It was clear that almost from the moment of their introduction Boys had realized the power of electronic computers. No doubt from time to time his mind went back to his days at Woolwich and our ignorance of the forces between molecules. Moreover, as a one-time member of Lennard-Jones's group at Cambridge twenty years earlier, he must have been aware of the important contributions to the equation of state of any substance which depend on these forces. Computers made possible calculations that previously were out of the question. So with his student Shavitt (17, 19, 20) we see him devising a general expression for intermolecular forces, and calculating third and fourth virial coefficients with it. 108 The method of Gaussians had come to stay. But at the same time computers had greatly increased in power and adaptability. Boys was forced to leave his favoured Gaussians for a while, and consider the more traditional method of Slater-type exponential wave functions. The great difficulty, of course, lay in the three-and four-centre integrals: but once again, his superb programming ability proved equal to the need. He used Slater-type orbitals to discuss formaldehyde (Boys & Foster (24)), but at the same time introduced a method for calculating the three-and four-centre integrals which is still widely used. In this method each Slater-type orbital was represented by a finite Gaussian expansion, using up to nine Gaussians for each Slater function. A very large number of component integrals now have to be evaluated; but every one of them can be obtained in closed form. In the same year, with Foster (26) he studied the very topical hydrocarbon CH2. This latter molecule was believed to play an important role in many organic reactions: moreover, after a search lasting nearly twenty years, Herzberg in Ottawa had found its u.v. spectrum. It seemed probable that there would be two states, a singlet and a triplet, which might compete to be the ground state. Since the methylene radical exists for only a minute period of time, normal experimentation is impossible. Boys soon realized that in situations like this a really good calculation should be able to answer questions about stability and shape. At that time it was widely believed that the ground state of CH2 should be a linear triplet molecule, and the close singlet X AX a bent molecule. Boys showed that the triplet was indeed the lower of the two, but that it had a valence angle of about 129° (3B1 state); the 1A1 state appeared to have a valence angle of just about 90°. But the difference in energy was a mere 0.04 a.u., i.e. rather less than 1 eV. Foster & Boys drew attention to this, which is only about one thousandth of the total energy and said that 'there could be doubt about this' order. But, true to his deep concern about accuracy, the paper concludes: 'However, a detailed assessment of the possible error suggests that the order is true*. That was in 1960. Boys lived to see confirmation both of the sequence and, more surpris ingly, of the approximate valence angle of the triplet.
In the formaldehyde work he was again returning to his Woolwich interests; and he says, in explaining why the calculations were made, that 'it and associated radicals play a part in the reactions in important flames'. But there was another reason for this work. In his paper to the 1959 Colorado Conference he had begun to be interested in what chemists refer to as a bond. Experience showed that a bond, e.g. C-H, had very characteristic features, such as length, energy, dipole moment, which could be carried over from one molecule to another. There must therefore be some quantum-mechanical interpretation of all these bond properties. There was already a clue to this. Independently Lennard-Jones and the present writer had shown that for a single Slater determinant a unitary transformation could be applied to the molecular orbitals, without any effect on the expanded form of the wave function. By suitable choice the new orbitals could be made quite highly localized. But what unitary transformation should we use ? Lennard-Jones had argued in favour of reducing the inter-orbital Coulomb repulsion as much as possible, since this would tend to keep electrons in different 'bonds' as far apart as possible. Coulson had argued for maximum overlapping of the hybrids on the two atoms of the bond, and thus for the importance of geometry. Boys (Boys (23), Boys& foster (24)) had his own prescription. Associated with each set of localized molecular orbitals will be the positions ri of their centroids. He then chose the unitary transformation in such a way that, for the transformed orbitals 1 ri -rj |2 should be maximum. Applied to formaldehyde the resulting orbitals very clearly represented what the chemist usually recognized as chemical bonds. He called them 'exclusive orbitals'.
Just as this work was being completed he was beginning his last new line of thought. We have seen that in the 1950-60 series of papers he had dealt with electron correlation by the method of configuration interaction. There were difficulties associated with this technique. This was because electron correlation is a short-range effect, yet it was being represented by superposing configura tions associated with very large-scale displacements of the electrons. It is not surprising that convergence was slow. Boys used up to 50 configurations, but more recently others have used several hundred. It seemed to him that there was something basically wrong in making allowance for a short-range pheno menon in this inefficient way. Would it not be better to start with the best self-consistent-field single-determinant wave function, which should take reasonable account of long-range effects, and then introduce a function depending simply on inter-electronic distances, to take care of short-range effects ? Hylleraas had shown that a simple factor 1 + cr12 could greatly improve the helium wave function; and in 1951 Frost and Braunstein had used a similar factor in their 'correlated molecular-orbital' function for H 2. There was another argument also: the cusp condition for a many-electron atom or molecule required that (0</»/0r12)ri2_o = f(0)ri2-K >* These considerations strongly suggested that r12 should be introduced into all molecular wave functions. In his paper (21) he introduces a factor exp which multiplies the best single-determinant wave function, and he obtains explicit forms for all the types of integral that result.
This correlation factor, however, is not the most general, and moreover it fails to satisfy the cusp condition. So it must be generalized. At this stage there is a gap of several years in relevant publications by Boys: he was trying to find the best generalization. This was to be called the transcorrelated method, and was described in no less than five papers all published in 1969. Let us suppose that $ is a single-determinant function (or combination of determi nants) for a given system. Then it was argued that a better wave function T would be obtained if O were multiplied by a correlation factor C, which depended in some at present undetermined way on all the interelectronic co-ordinates but was of the functional form C = So we look for a wave function of the form CO. Our problem is to find the appropriate form of C (Boys & Handy (32, 33) ). Any direct attempt to determine this by standard variational methods would lead to a hopelessly complicated set of integro-differential equations containing intractable many-electron integrals. Instead Boys adopted, and then modified, a technique used in 1963 by T. Szondi, to which he gave the title: method of moments. In essence this consisted in using different vectors in the bra and ket terms of the energy integral and it depended on the simple fact that if = 0, then the quan tity (£ \H -E\ T ) is identically zero for all £. Boys took V F to be his approxim wave function V F = C<l>, and for the bra vector he took £ = C-10 . He then replaced the conditions Z?|T> = 0 by the requirement that <S(C-10))|^-^|C <D > = 0, If suitable parameters are included in C and O this yields a set of equations by which their 'best' values may be calculated. As might be expected these best values are obtained by an iterative scheme. A great advantage of this procedure is that no integrals of higher dimensionality than six have to be evaluated (Boys & Handy (33)). There are various forms in which the analysis can be carried on. All of them involve the operator C~XHC which Boys called the transcorrelated Hamiltonian. The occurrence of this new operator can be seen at once if we put T = C<1> in the Schrodinger equation {H -E )X F = 0. If we then multiply on the left by C"1 we obtain the equation (C~XHC -E)<& = 0. Then the energy E would be given by the expectation value of the transcorrelated Hamiltonian with respect to the uncorrelated wave function O.
Unfortunately C~XHC is not Hermitian, so that none of the Rayleigh upper-bound relations hold; nor is there any guarantee of monotonic con vergence as greater flexibility is allowed in C and O. Boys (31) therefore turned his attention to the question of errors, and showed that if /*+ and fx are measures of the error by which the bra and ket vectors C-10 and C <X > fail to reproduce the true wave function, the error in E is proportional to ix+ fi. It was possible that n+ might be fairly large, but n would be small. Thus the error, while not retaining the square-law accuracy of the Rayleigh error, would still be small. The calculations made by Boys & Handy (34) for neon fully supported this view, the predicted ionization potential being only 0.002 a.u. (0.06 eV) different from the observed. This remarkable result set a new standard for atomic systems. But it was followed almost at once by a similar paper on LiH (Boys & Handy (35)). Thus the level of accuracy hitherto only obtained for the two-electron atom of helium by Hylleraas and his successors, and for the two-electron molecule of hydrogen by James & Coolidge and their successors, become available for atomic and molecular systems with many more than two electrons.
This was indeed a major breakthrough. But it was not reached at all easily; it needed all Boys's numerical skill, particularly in evaluating the complicated many-electron integrals that still remained, before it could be carried to any completion. He was still working on the accuracy of this transcorrelated method at the time of his death (Boys & Bernardi (36, 37) ).
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Biographical Memoirs 1 here are still some further comments to be made. Some answer must be given to the question: why, in view of the profound contributions which Frank Boys made, was his public recognition so belated ? There are several explana tions. One of these, already referred to, was his sturdy independence, which would not let him go out of his own chosen way to adapt his work to the views of others. For example, in the early 1960's when he was asked at a colloquium how the size of the d-orbital in an atom changed with increasing atomic number, he whimsically replied that he was not interested in d-orbitals; he just wanted to get a good wave function. So the trends of fashion passed him by, and only those who really followed his work realized the strengths of his contributions. (It is, perhaps, only fair to add that in the last few years of his life, he slightly softened this point of view, and even went so far as to refer specifically to d-orbitals!)
A second explanation of his tardy recognition is less creditable to some of his contemporaries. It was one of the great characteristics of Frank Boys that he saw, before almost any others, the deep significance of electronic computers. But with his characteristic thoroughness, he knew that if the job of an atomic or molecular calculation was to be done, it must be done thoroughly. So he had no use for all the semi-empirical schemes, such as PPP, CNDO, INDO, etc. A good calculation would be one where there was chemical accuracy-a few kilocalories and not a few electronvolts. Inevitably this meant heavy mathematics, and a refusal to be put off" by answers to 'easy' questions. Almost from his earliest days in Cambridge this insistence on mathematical accuracy led to disagreements with the rest of the Department. It was often alleged that he was not 'doing theoretical chemistry' at all. Certainly he was not answering the questions popular at the time, such as the characterization of a molecular transition, or the extent of tt back-bonding in a transition-metal complex. The matter was not made any easier by his insistence on his own vocabulary. Even his famous 1950 paper introducing Gaussian functions also introduced the word 'detor' as an abbreviation for what everyone else called a Slater determinant: the later word 'codetor', for a combination of detors such that the total spin was zero, made the matter worse. Frank should have done more to understand-and help-his critics. Then some of them might have encouraged students to work with him for their Ph.D. Since his mathematics lectures were in competition with many others, of equally great distinction, and he himself neither had great zest for lecturing nor was counted as a professional mathematician, he had relatively few research students, either of chemical or mathematical, origin, and many of those who did join him came from abroad, uninfluenced by the divergence of internal views about the merit of his work. One regrettable result of this disregard was that the first attempt to persuade the University to make him an ad Reader was blocked. It was only when he was succeeding in his grand programme to make calcula tions of chemical accuracy, where no one previously had been successful, that official recognition came to him.
An illustration of his unwillingness to accommodate himself to the ways of others may be found in his attitude to other work in which Gaussians had been used. It was he who introduced these functions, and so, naturally, when the editors of learned journals received manuscripts in which, perhaps, a Slater function had been replaced by a sum of three or four Gaussians, they used to send these manuscripts to him to be refereed. He returned them all, unrefereed, saying that this was not the kind of use of such functions in which he was either interested or expert.
Yet it is likely to be on account of these functions that Frank Boys will chiefly be remembered. The rest of the scientific world may have been slow to adapt them for their own purposes (in 1965, fifteen years after their introduc tion, Harry Shull wrote in a review: 'Gaussian functions have enjoyed wide use in various ways in 1965 publicatons. In fact one is tempted to call this the year of the Gaussians'), but before his death they were very commonly used. The famous IBMOL package program for computing molecular wave functions was based on them; and John Pople, a former member of the department in Cambridge where Boys did his work (and many others), has used simple combinations of Gaussians to represent Slater-type atomic orbitals, and has discussed molecular shape and size with much success. It would be no exaggeration to say that in the U.S.A. alone some millions of dollars have been spent on work that was derived from his 1950 paper.
It is not clear that Frank Boys would have approved of all this great development. For he was a purist, demanding perfection from himself as from others, and not at all attracted to the semi-empirical approach popular with others. Those who knew him well could not fail to think of him as a gentle sort of person, yet with an iron determination to plan his work and not let anyone or anything divert him from it, and with a purity and dedication that brooked no compromise. In this he resembled some of the pure mathe maticians. This is not altogether surprising when one realizes that he, as much as any other theoretical chemist since the advent of wave mechanics in 1926, showed that the understanding of some parts of chemistry, and their predic tion, are deeply rooted in mathematics: and, moreover, that these parts are quite substantial.
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